The locations of DNA binding by the proteins involved with positive and negative regulation of transcription initiation of the L-arabinose operon in Escherichia coli have been determined by the DNase I protection method. Two cyclic AMP receptor protein sites were found, at positions -78 to -107 and -121 to -146, an araCprotein-arabinose binding site was found at position -40 to -78, and an araC protein-fucose binding site was found at position -106 to -144. These locations, combined with in vivo data on induction of the two divergently oriented arabinose promoters, suggest the following regulatory mechanism: induction of the araBAD operon occurs when cyclic AMP receptor protein, araC protein, and RNA polymerase are all present and able to bind to DNA. Negative regulation is accomplished by the repressing form of araC protein binding to a site in the regulatory region such that it simultaneously blocks access of cyclic AMP receptor protein to two sites on the DNA, one site of which serves each of the two promoters. Thus, from a single operator site, the negative regulator represses the two outwardly oriented ara promoters. This regulatory mechanism explains the known positive and negative regulatory properties of the ara promoters.
Studies on the L-arabinose operon of Escherichia coli have established the following important facts on regulation of the divergently oriented ara promoters PC and PBAD (see Fig. 1 ).
The activity of both promoters is stimulated by the cyclic AMP (cAMP) receptor protein (CRP) in the presence of cyclic AMP (1) (2) (3) (4) . The promoter PBAD is positively regulated by araC protein in the presence of arabinose-i.e., the protein is required for activity of the promoter (1, 2, 5) . Under noninducing conditions, the araC protein instead acts negatively to repress both the PC and PBAD promoters (1) (2) (3) 6) . At least part of the DNA site necessary for repression of PBAD lies upstream from all of the sites necessary for induction of PBAD, as shown by the existence of deletions entering the ara regulatory region from the Pc side that abolish repression of PBAD without affecting induction of PBAD (6, 7) .
The requisite components are now available for in vitro studies of the mechanism of regulation of the ara operon. The regulatory region DNA has been isolated, and its nucleotide sequence has been determined (8, 9) and found to contain elements similar to the RNA polymerase-binding sites seen in other E. coli promoters at about 10 and 35 bases before the start sites of transcription (8) . The sequence also contains several stretches that resemble the CRP-binding site in the gal operon (10) . Also available are the proteins involved in the regulation of the ara operon: araC protein (11) , CRP (12) , and RNA polymerase (13) .
In the work reported here, we have utilized the DNA se-
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quence determination methodology of Maxam and Gilbert (14) with the DNase I protection method of Galas and Schmitz (15) to determine the (8) by EcoRI endonuclease digestion and polyethylene glycol precipitation (16) . CRP was purified as described (12) , and araC protein was purified as described (11) , with the substitution of a hydroxyapatite column for the DEAE-Sephadex column. It was loaded in 0.014 M potassium phosphate buffer at pH 6.9, 10% (vol/vol) glycerol, 0.01 M L-arabinose, 1 mM EDTA, and 1 mM dithiothreitol and eluted in the same buffer with the phosphate raised to 0.13 M.
DNA fragments were 32P end-labeled by alkaline phosphatase treatment and T4 polynucleotide kinase as described by Maxam and Gilbert (14) and in protocols provided by these authors. Size standards for the DNAse-protected DNA fragments were G>A sequencing fragments in which the methylation was performed either in the buffer described in the figure legends or in the DNase I digestion buffer.
DNase I protection was performed as described (15) , with the exceptions noted here and in the figure legends. DNase I digestion buffer is 50 mM NaCI/20 mM Tris-HCI, pH 8.0/3 mM MgCl2/0.1 mM dithioerythritol/0.2 mM cAMP. DNA was incubated at 37°C for 10 min in DNase I digestion buffer, then proteins were added and the incubation was continued 10 min to permit the proteins to bind. The temperature was shifted to 20°C and DNase I was added to a final concentration of 0. 13 ,ug/ml. After the addition of stop buffer, the DNA was prepared and separated by electrophoresis.
The strain used in induction measurements of Pc was con- (18) containing thiamine at 0.001%, glycerol at 0.2%, and Difco casamino acids at 1%. The cells were diluted 1:1000 and grown to 1 X 108 cells per ml, at which time the experiment began. At the indicated times, 0.35-ml samples were taken into 0.5 ml of assay buffer at 00C containing 200 ,gg of chloramphenicol per ml, and the 0-galactosidase was measured as described (18) .
RESULTS
Location of the CRPC and CRPBAD Binding Sites. Binding of a protein to a specific DNA sequence can block or enhance cleavage of the phosphate backbone by DNase I (15) . The location of the sites with altered cleavage frequencies is then determined by electrophoresis of the DNase I digestion products: cleavage positions are determined by parallel electrophoresis of the same DNA that has been prepared in accordance with the DNA sequence determination methods developed by Maxam and Gilbert. In such experiments with DNase I, we have located two CRP-binding regions: one between 20 and 50 base pairs from pc, position -121 to -146, and one from 78 to 107 base pairs from PBAD, position -78 to -107 ( Fig. 2 A and B) . In one of the experiments shown ( Fig. 2A) , almost complete protection of CRPBAD was achieved, and protection and enhancement of cleavage sites in CRPC were only barely detectable. In the other experiment shown (Fig. 2B) , the original data showed more complete protection of CRPBAD than CRPC, although the reproduced data show the differences less well. From these observations we conclude that the in vitro affinity of CRP protein is higher for CRPBAD than it is for CRPC.
Location of the araC Protein Induction and Repression Binding Sites. By similar DNase I experiments, the araC protein-binding sites have been located ( Fig. 2 C and D) . araC, in the presence of arabinose, identifies a binding region from positions -40 to -78, and a region less well protected from -106 to -144 (Fig. 2C ). When the same DNase I experiments are performed with araC protein in the presence of the antiinducer D-fucose, the region -106 to -144 is protected, -and to a lesser extent the region -40 to -78 (Fig. 2D) . Thus the sequence from -40 to -78 is identified as the araI site, and the region from -106 to -144 is identified as the araO site in accordance with the nomenclature of Englesberg (6) .
No evidence of other araC protein-binding sites, either arabinose-or fucose-dependent, was seen in the region +45 to Our initial experiments confirmed Casadaban's findings that the steady-state expression of Pc in an araC + B + A + D + strain is nearly the same in the presence or absence of arabinose. We therefore explored the response of Pc immediately after the addition of arabinose. Fig. 3 shows that Pc is indeed derepressed by the addition of arabinose. The initial activity of Pc, as demonstrated by the slope of the curve for f3-galactosidase level, is about 5-fold higher than the activity just preceding the addition of arabinose. At about 15 min after arabinose addition, by which time the ,B-galactosidase level has almost doubled, the rate of Pc expression falls back to about its preinduction value. Subsequently (data not shown), Pc retains this preinduction value so that the level of f3-galactosidase per cell is diluted by cell growth back to its preinduction level.
The expression of Pc appears to be strongly catabolite sensitive. As shown in Fig. 3 , adding glucose to the medium 30 min before adding arabinose drastically reduces the magnitude of the Pc derepression. Additionally, as shown, a high concentration of cAMP in the medium reverses the catabolite repression caused by glucose. (4) . The microscopy also showed that CRP-cAMP stimulated the binding of RNA polymerase to the Pc promoter about 3fold. This information, plus the observation contained in this paper that addition of arabinose induces both PC and PBAD, suggests the mechanism sketched in Fig. 4 should be cAMP dependent. Indeed, such derepression is observed, as shown in Fig. 3 . Unexpectedly, the arabinose-induced derepression of Pc ceases after about 15 min. A likely cause for the shutoff appears to be catabolite repression generated by the catabolism of arabinose. The experiment reported in Results showed that CRP-cAMP possesses a substantially lower apparent affinity for CRPC than for CRPBAD. If this difference is also expressed in vvo, then the metabolism of arabinose, which is known to impose partial catabolite repression (19, 20) , could effectively catabolite repress Pc back to its araC-repressed activity while having little effect on PBAD. The experiments reported in Fig. 3 also showed that derepression of Pc is indeed highly responsive to catabolite repression and cAMP. Similar differential effects of cAMP on different operons in viw have been observed previously (20, 21) . The mechanism proposed explains a substantial body of additional information that has accumulated on regulation of the arabinose operon. For example, it has been possible to isolate CRP-independent Ara+ mutants (22, 23) . These mutants can grow on arabinose in the absence of CRP, and it has been found that the mutations conferring this property lie in araC protein itself. These can be most easily understood as alterations in the araC protein such that it may bind to the araI site in the absence of CRP-i.e., tighter-binding mutants.
Mutants have been isolated that express the arabinose operon in the absence of araC protein (24, 25 (26, 27 a requirement for the complete set of proteins necessitates that the binding of the proteins to DNA be cooperative. Such a regulatory mechanism is versatile and easily accommodates situations in which large numbers of inducers must all be present in order for a gene to be induced.
